"metabolic stimulator" instead of "metabolic inhibitor,"' it might be expected that the type of induced anomalies would also be different. A combination of different agents in proper time and adequate dosage may yield a wide range of selective malformations.
Methods
In the current investigations, a gas mixture of 6 per cent carbon dioxide with 20 per cent oxygen and 74 per cent nitrogen .was used as teratogenic agent. Eats utilized in the study were pregnant young adults of a Sprague Dawley strain purchased in groups of 6 to 12. Pregnancy was calculated from the time observed-copulation occurred (0 hour).
The pregnant rats in groups of 2 were placed in a plastic chamber for a single 24-hour period. Here they were exposed to a gas mixture containing 6 per cent carbon dioxide, 20 per cent oxygen and 74 per cent nitrogen. The earliest day of exposure was the fifth day of pregnancy, the latest day was the twenty-first day. Gas samples from the chamber were analyzed at regular intervals for carbon dioxide and oxygen content. Laboratory pellets and water were placed in the cages in free amounts. As the plastic chamber was transparent, the rats could be observed during experiments. With each group of exposed rats, control animals of the same breed, age, and mating time were kept in separate cages maintained on the same food but in normal atmospheric conditions. After removal from the chamber, the test rats, properly identified, continued under normal atmospheric conditions until delivery.
The majority of rats were permitted to deliver spontaneously. A Caesarean section was performed in a certain number of cases where spontaneous From the Department of Medicine, Northwestern University Medical School, Chicago, 111. Supported in part by a Public Health Service research grant (H-3505) from the National Heart Institute, Public Health Service, and a grant from the Illinois Tuberculosis Association.
Eeceived for publication June 6, 1960. delivery had already started. The Caesarean section was performed under light ether anesthesia. After spontaneous or induced delivery was accomplished, the uteri were inspected, the implantation sites counted and noted, and the mothers weighed. The newborn rats were measured and weighed immediately after birth and before they had suckled. In addition to recording the number of young per litter, the sex, weight and size of each, memoranda were made of the visible malformations, the condition of the young at birth, the method of delivery (spontaneous or Caesarean), and the way they were sacrificed and preserved for serial sectioning. After proper fixation, the chest organs were removed in toto and simultaneously embedded in paraffin. This method proved to be the best for maintenance of proper topographic relationship. Hearts and lungs were sectioned serially as a unit, stained with hematoxylin and eosin, and microscopically studied. Projection drawings were made from 2 series.
Results

Mortality, Sex Distribution and Weight of Young
Seventy-one pregnant rats in the test series yielded 530 young. Twenty-one mothers in the control group gave birth to 159 infant rats. The average size of a litter was very similar in both groups: 7.57 in the control group and 7.47 in the treated group (table  1) . The size of the control litter was low because the mothers were young. 1 The number of rats stillborn or dying shortly after birth was 41 out of 530 (7.7 per cent) among the test animals and 5 out of 159 (3.1 per cent) in the untreated group. Of the 41 perinataldeath cases in the test group, 27 resulted after spontaneous delivery and 14 after Caesarean delivery. In 4 dams from the test series (on days marked with an asterisk in table 2), the entire litter was resorbed.
Exposure of the mother to 6 per cent carbon dioxide increased the mortality rate among the male fetuses. In the 159 control animals, 80 (50.3 per cent) were males and 79 (49.7 per cent) were females, while in the 530 animals of the test group, 238 (44.9 per 6,292 6,277 6,255 5,748 6,480 6,013 6,129 6,237 5,861 6,206 6,134 6,215 6,158 6,331 6,331 5,862 6,276 5,275 ± 6.47 ± 6.43 ± 6.37 ± 6.31 ± 6.39 ± 5.88 ± 7.45 ± 6.27 ±; 6.34 ± 5.83 ± 6.27 ± 6.27 ± 6.52 ± 6.31 ± 6.49 ± 6.46 it 6.04 *In one dam, the entire litter was resorbed. cent) were males and 292 (55.1 per cent) were females. The difference is significant by statistical analysis (p < .001).
The sex distribution, number, and mean weights of the newborn offspring on the different days of exposure and the number of mothers exposed on each day are shown in table 1 and compared with the control group. The average weight of the newborn rat whose mother was exposed to increased carbon dioxide during pregnancy is higher than the average weight of the control group. The differĈ irculation Research, Volume VIII, November 19GQ ences between the means were all statistically highly significant (p < .001). There was no correlation between the age and weight of the mean weight of the offspring. This was equally true of control and treated animals. In every size litter, the average weight of CO2-treated young was higher than that of the control young in the same litter size. The average weight of the 159 control offspring was 5,275 mg., while the average weight of the 530 treated anima.ls was 6,276 mg. or 18,9 per cent higher, IN  5 3 7 RATS. -TEST RATS: 4 3 5 ; CONTROL RATS: IO2.
TYPES « INCIDENCE OF CARDIAC MALFORMATIONS
Figure 1
In this figure the total incidence of cardiac malformations is shown in the test animals and in the control animals. Notice that the only type of malformation found among control animals was a defect in the membranous part of the interventricular septum.
The length of the gestation period in both the test and control groups was an average of 22 days, 6 hours. Once parturition started, the entire litter was delivered within iy 2 to 2 hours. Only in 2 eases was delivery prolonged in the CO 2 -treated animals to about 3 hours. It is not likely, however, that this fact would bear significant influence on the weight of the young.
Test Series; Cardiovascular Defects
Four hundred and thirty-five hearts from the experimental series and 102 from the control series have been sectioned serially and studied microscopically. The incidence of cardiovascular defects was increased in the experimental series as compared with the control group. One hundred and six (24.3 per cent) animals had cardiac anomalies I V S D among the treated group and only 7 (6.8 per cent) in the untreated ( fig. 1 ). The 106 young with abnormal hearts among the experimental series can be divided into 5 groups: (1) high interventricular septal defects (isolated), 7 cases; (2) low interventricular septal defects (isolated), 8 cases; (3) overriding aorta, 24 cases; (4) partial transposition, 24 cases; and (5) pulmonic or aortic stenosis with intact ventricular septum and myocardial hypertrophy, 47 cases. Grout> 1: High Interventricular Septal Defects (Isolated) Seven cases presented this anomaly. The defect was located in the membranous part of the septum only. The days on which this type of defect was found were after exposure on the late days of pregnancy: the seventeenth, eighteenth, nineteenth and twentieth days ( fig. 2 ).
Group %: Low Interventricular Septal Defects (Isolated)
Single or multiple septal defects situated in the midportion of the muscular interventrieular septum were found in 8 cases ( fig. 3 ). They occurred in rats exposed on the eleventh, twelfth, thirteenth, fourteenth and fifteenth days.
Group S: Riding Aorta
In these 24 specimens, the aorta emerged from both ventricles and the pulmonary artery solely from the right ventricle. The interventricular septal defect was not large; however, it involved not only the membranous septum but also the adjacent muscular portion (septum ventriculorum interaorticum) ( fig.  4 ). The term riding aorta was coined by Rokitansky 2 who first described the anomaly. Spitzer 3 called it Type I Transposition, also Lev 4 includes this lesion among his Transposition Complexes. In the present description, Rokitansky's criteria were applied and only those cases were listed as transposition where one of the large vessels emerged entirely from the wrong ventricle. Five of the 24 cases had a narrowing of the pulmonary outflow channel and hypoplasia of the pulmonary artery. In the other 19, the pulmonary trunk was normal. Riding aorta with pulmonary hypoplasia was found only in rats treated on the seventh, eighth and tenth days. Riding aorta with normal pulmonary artery occurred be- tween the fifth and the eighteenth day and on every day except the eighth and tenth days.
Group 4: Partial Transposition
In 10 specimens, both the aorta and the pulmonary artery arose from the right ventricle. They all had an interventricular septal defect similar to the defect described in the previous group. There were 6 cases in the present series accompanied by pulmonary hypoplasia. In 4 others, the pulmonary artery was of normal caliber ( fig. 5 ). They occurred after treatment on the following 5 days: 2 cases on the eighth day, 3 on the ninth, 2 on the tenth, 2 on the twelfth, and 1 on the fourteenth day.
In this group were also included 10 cases of common trunk in which a single vessel emerged from the right ventricle. This vessel gave off the coronary and systemic arteries and the pulmonary branches. The pulmonary trunk and the ductus arteriosus were absent in 8 out of the 10 cases. In the 2 others, a partial septum separated the mouth of the markedly hypoplastic main pulmonary artery from the common trunk and the ductus was connected with a small left pulmonary artery. In every instance, a large interventricular septal defect was found. Atrial septal defects and common atrioventricular canal were associated 5 times ( fig. 6 ). The 10 cases were found among the offspring treated on the eighth, eleventh, twelfth, fourteenth, fifteenth and sixteenth days.
Group 5: Pulmonio or Aortic Stenosis with Intact Interventricular Septum
This condition with evidence of myoeardial hypertrophy, was found in 47 specimens ( fig.  7 ). Twenty-six had a predominant pulmonic stenosis; in the other 21, the aortic stenosis was more marked. Some degree of dextroposition of the aorta or levoposition of the pulmonary artery was noticed in the majority of instances and the stenosis was almost subvalvular. The valves were normal in respect to the number of cusps and their structure. There was also some degree of hypoplasia of the affected vessel and in a certain number of cases besides the narrowing of the outflow Circulation Research, VolmnQ VIJI, November 19G0 tract, the inflow chamber was also reduced to a slit-like cavity surrounded by markedly hypertrophied walls and thickened endocardium. This type of malformation was not induced when rats were exposed to increased C0 2 after the seventeenth day of pregnancy. The highest incidence occurred on the eleventh day.
Ductus Arteriosus
Out of the 435 in the test series, the ductus was functionally closed in 95 cases (21.8 per cent), somewhat contracted but still open in 115 (26.4 per cent), large and patent in 217 cases (49.9 per cent), and absent 8 times (1.9 per cent).
Control Series
Not a single case with low interventricular septal defect, riding aorta, partial transposition or outflow tract-stenosis was found in the control group. The only type of cardiac anomaly presented was the isolated high interventricular septal defect in the membranous part (in other words, a persistent interventricular foramen). This anomaly was found in 7 of the 102 control offspring (6.8 per cent) as a small, thin slit-like defect. In 3 of the 7, there was no real communication between the 2 ventricles. The defect presented itself as a pocketlike aneurysm of the membranous septum. The ductus arteriosus was functionally closed in 30 cases (29.4 per cent), open iu 55 (53.9 per cent), and widely patent 17 times (16.7 per cent).
Noncardiovascular Defects
Skeletal System
Fifty-eight animals had a marked kyphosis, 25 a moderate hydrocephalus.
Lungs
Microscopic studies of the serially sectioned lungs revealed abnormalities in 376 of the test animals (86.4 per cent). The 3 types of abnormalities found were:
1. Overgrowth of connective tissue around the pulmonary vessels was found in 283 test animals (65.1 per cent), with the highest incidence among those exposed to excessive C0 2 between the fifth and tenth days. Cross-sec- tions showed that the pulmonary arteries from the major branches down to the arterioles were surrounded by a thick cuff of loose connective tissue, edematous in some instances but more frequently fibrous.
2. The second type of lung change which was found in 82 rats (18.8 per cent) probably represents a more advanced stage of the perivascular overgrowth mentioned above. In these rats, there was an internal thickening, in addition to the perivascular overgrowth, which caused narrowing of the vessel lumen. All of these animals had a concomitant cardiac malformation.
3. The third type of abnormality was a hypoplasia which was found in 11 rats (2.5 per cent). Eight of these had cai-diac malformations, too, which were accompanied by absence of the main trunk of the pulmonary artery. The 3 other animals had normal hearts.
Thymus
On the average, the test animals showed a significant enlargement of the thymus.
Discussion
The experiments clearly demonstrate that pregnant rats subjected to an increased carbon dioxide tension for 24 hours produced offspring with a high incidence of cardiac malformations. The difference between test and control animals in the incidence of cardiac malformations was statistically significant and the types of malformations found in the test animals simply did not occur in the controls.
Carbon dioxide has not previously been studied alone as a teratogenic agent, although it has been used in combination with hypoxia. It is also possible that alterations in carbon dioxide tensions may have occurred in experiments where hypoxia alone was used as the teratogenic agent, but this was not demonstrated. To the author's knowledge, this is the first instance where carbon dioxide, unrelated to hypoxia, has been used successfully as a teratogenic agent.
The abnormal mechanism induced by increased carbon dioxide is not yet clear, but there is some evidence in these experiments that it may be a temporary stimulation both of differentiation and of growth processes. At the conception of these experiments, the author had the idea that those malformations which could be due to overgrowth, such as subaortic stenosis or infundibular pulmonic stenosis, might be caused by increased tissue oxygen. 5 Just as pregnant animals exposed to hypoxia give birth to offspring with malformations characterized by arrested development, 0 " 10 hyperoxia might logically cause accelerated development resulting in malformations due to tissue overgrowth. If a tissue hyperoxia were to occur in a supposedly normal pregnancy, it would quite likely be secondary to an increase in carbon dioxide, for the increased carbon dioxide would cause an acidosis, a shift in the oxyhemoglobin dissociation curve, and thus an increase in tissue oxygen tension.
Though a tissue hyperoxia which might conceivably cause overgrowth has not been demonstrated in these experiments, there is evidence that overgrowth has occurred. There is evidence of localized tissue overgrowth found in the lungs, thymus and heart of the test animals. The thymus is larger than normal, the cardiac muscle in many test animals is thickened with reduction of the ventricular channel or narrowing of outflow passages, and the lungs have shown a perivascular overgrowth. These changes could be interpreted as manifestations of overgrowth. There is, in addition, evidence of periods of accelerated growth. Anomalies such as partial transposition, overriding aorta or defects in the muscular portion of the interventricular septum could be due to a disturbance of coordinated development caused by periods of acceleration of certain growth processes. 11 " 13 Transposition may be the consequence of early overgrowth of the ventricular sinusoids, followed by abnormal looping of the cardiac tube aud a defect in separation. Overgrowth of some portions of the interventricular septum may produce a low ventricular septal defect or a high septal defect with overriding of the aorta. The CO2 given during cardiogenesis did not cause an increased incidence of the isolated high defect but rather a lower incidence than in the controls. In the entire test group, the incidence of the high defect was only 1.5 per cent while it occurred with an incidence of 6.8 per cent in the controls. Perhaps through its stimulating effect on growth, the increased COo actually caused a more ready closure of the interventricular foramen.
The defects which appear with highest incidence in this series (myocardial hypertrophy with outflow tract narrowing, partial transposition, overriding aorta) and which may be thought of as defects due to overgrowth are not found or at least found only infrequently in other studies of experimental teratogenesis. 14 " 17 It would appear that increased carbon dioxide produces an effect different from that of other agents studied.
The time of action of this teratogenic agent may at first glance appear confusing. Partial transposition, for example, was found to occur when carbon dioxide was administered at anj' time between the eighth and twelfth and again the fourteenth and sixteenth day of pregnancy. Yet this is consistent with possible mechanisms, for teratogenic agents may have either an immediate or a delayed action and carbon dioxide could work both ways. 18 "" 2 Furthermore, changes may be due to specific conditions' present at the time when the injurious agent is applied.
Exposure to increased carbon dioxide on days preceding cardiogenesis (fifth to tenth day) may affect implantation, chemodifferentiation or histodifferentiation 23 -24 by changing the pH of the surrounding tissues. During cardiogenesis (tenth to seventeenth day), tissue growth may be altered as a consequence of the influence of carbon dioxide on mitosis. The structural changes of the developing heart tube modify blood flow and this in turn can influence the ultimate fusion of growing septa. 2n After cardiogenesis, carbon dioxide can only influence further growth but not differentiation.
Summary Seventy-one pregnant rats of a Sprague-Dawley strain were exposed for a single 24hour period to a gas mixture of 6 per cent carbon dioxide, 20 per cent oxygen and 74 per cent nitrogen on different days during gestation. There were 530 offspring and these were compared with 159 newborn rats from 21 control dams. The incidence of cardiac malformations was 23.4 per cent in the test group and 6.8 per cent in the control group with the highest incidence in the test group occurring when the exposure was on the tenth day of gestation. Isolated ventricular septal defects, situated in the lower and posterior part of the muscle septum, were found in 8 cases, ventricular septal defects with overriding aorta in 24 cases and ventricular septal defects Avith partial transposition in 20 cases. Forty-seven of the abnormal hearts had a myocardial thickening accompanied by narrowing of the puhnonic or aortic outflow channel with or without other abnormalities, such as atresia of the mitral or tricuspid valves and hypoplasia of the aorta or pulmonary artery. There was a slight increase in perinatal mortality in the test group, and a lower frequency of male offspring. The average body Aveight Avas 18.9 per cent higher in the test group.
Summario in Interlingua Scptanta-un rattas pregiuuito do un racin Sprngue-Dsiwley esseva exponite, in varie stadios del gestation, al effecto tie periodos individual de 24 horns de respiration de un mixtura, de 6 pro cento do bioxydo de carbon, 20 pro cento do oxygeiio, e 74 pro cento de nitrogeno. Le prole total numerava 530 individuos, e istos esseva eomparate con 15 9 neonatos ab 21 matres de controlo. Le incidentia do malformation cardiac esseva, 23,4 pro cento in le gruppo experimental e 6,8 pro cento in le gruppo de controlo. In le gruppo experimental, le incidentia esseva le plus alte qumido lo exposition oceurreva 1c decimo die del gestation. Isolate defectos del septo ventricular, situate in le parte inferior e posterior dol musculo, esseva trovate in 8 easos; defectos septal ventricular con supersalientia dfil aorta in 24; e defectos septal ventricular con transposition partial in 20. Quarauta-septe del cordes anormal habeva un spissification myocardial con restriction del canal de eflluxo pulnionie o aortic in le presentia o absentia de altere anorinalitates, como per exemplo atresia del valvula mitral o tricuspidic o hypoplasia del aorta, o del arteria pubnonar. Essova constatate un leve augmento del mortalitate in lo gruppo expcrinient.nl e un reducite proportion del prole mascule. Le peso corporee medie osseva plus alte per 38,9 pro cento in le gruppo experimental.
